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013.07.0Abstract Effective thermal control systems are essential for the reliable working of insulated gate
bipolar transistors (IGBTs) in many applications. A novel spray cooling loop system with inte-
grated sintered porous copper wick (SCLS-SPC) is proposed to meet the requirements of higher
device level heat ﬂuxes and the harsh environments in some applications such as hybrid, fuel cell
vehicles and aerospace. Fuzzy logic and proportional-integral-derivative (PID) policies are applied
to adjust the electronic temperature within a safe working range. To evaluate the thermal control
effect, a mathematical model of a 4-node thermal network and pump are established for predicting
the dynamics of the SCLS-SPC. Moreover, the transient response of the 4 nodes and vapor mass
ﬂowrate under no control, PID and Fuzzy-PID are numerically investigated and discussed in detail.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Insulated gate bipolar transistors (IGBTs) as a power elec-
tronic device have been widely used to efﬁciently deliver elec-
trical power in home electronics, industrial drives,
telecommunications, transport, electric grid, and numerous
other applications.1 In general, IGBTs are cooled either by
convective air or liquid cooling to manage heat dissipation
and junction temperatures to achieve efﬁciency and reliability.2
However, as the requirements appear for higher device level82338778.
a.edu.cn (J. Wang), liyunze@
ditorial Committee of CJA.
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48heat ﬂuxes and harsh environments (thermal condition like
transient heat load change and mechanical conditions like
vibration and strike) in some applications such as hybrid, fuel
cell vehicles and aerospace,3–5 there is a pressing need for bet-
ter thermal management techniques capable of handling higher
heat ﬂux than the traditional cooling ways. Spray cooling (heat
ﬂuxes up to 1200 W/cm2) is a promising candidate to address
the thermal concerns of systems which have been studied in
power electronic devices like a laterally diffused metal oxide
semiconductor ﬁeld effect transistor (LD-MOSFET) in a
500-MHz radio frequency (RF) power ampliﬁer,6 direct
bonded copper (DBC) board7 and hybrid vehicle electronics.8
As an appealing choice for many cooling systems, spray
cooling has been studied by many researchers. In addition to
theoretical understanding about heat transfer mechanism,
parameters of spray cooling like nozzle type, heat surface
structure, volumetric ﬂux and subcooling degree were also
studied widely.9–15 Pautsch and Shedd9 proved experimentally
that multiple nozzle arrays allowed for higher peak heat ﬂuxes
but used ﬂuid inefﬁciently due to interactions betweenSAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 1 Schematic of SCLS-SPC.
1174 J. Wang et al.neighboring sprays. This result has also been proved by Lin
and Ponnappan.10 Kim et al.11 conducted spray cooling exper-
iments respectively on plain and microporous coated surfaces
and proved that spraying water droplets on a microporous
coating surface enhanced heat removal due to the capillary
pumping phenomenon through the microporous cavities con-
necting each other. Different surface enhancements consisting
of cubic pin ﬁns, pyramids, and straight ﬁns have also been
studied by Silk et al.12 Visaria and Mudawar13 studied the ef-
fect of volumetric ﬂux on spray cooling heat transfer and
found that the volumetric ﬂux had a dominant effect on heat
transfer as compared to other hydrodynamic properties of
the spray. However, all the experiments so far presented have
mainly focused on the impact factors of heat transfer and how
to improve heat transfer performance while ignoring the design
of conﬁguration and thermal control in the spray cooling loop
system to realize the feasibility of spray cooling in the harsh
environments mentioned above.
A porous material which has the hydraulic effects of surface
tension and capillary forces can capture the liquid droplets and
draw the liquid into the porous substrate to reduce droplet
splash and realize vapor–liquid separation when the liquid
droplets impinge on the porous surface.16–20 Besides, it can
also achieve the highly effective heat transfer performance
and liquid transport which has been veriﬁed by many research-
ers.21,22 Sintered porous copper as one of the porous materials
has been widely used as wicks in ﬂat plate and cylindrical heat
pipes for maintaining a closed circulation and facilitating heat
transport.23,24 Therefore, this paper presents a well-designed
spray cooling loop system with integrated sintered porous cop-
per wick (SCLS-SPC) to enhance the liquid availability and
system stability.
Though SCLS-SPC can be used in a complicated mechani-
cal environment, it cannot work properly except for the appli-
cation of active thermal control strategy due to transient heat
load change. Therefore, the control of SCLS-SPC plays an
essential role in the reliable working of applications. Fuzzy
logics which have several advantages such as ease and robust-
ness for characterizing non-linear thermal systems have been
widely used for the control of nonlinear thermal processes
and for hybrid fuzzy-PID control of more complex thermal
objects.25–28 Considering the SCLS-SPC is a typical nonlinear
thermal system, this paper presents an intelligent control strat-
egy which adopts the pump as the controlling variable, andTable 1 Geometric characteristics of SCLS-SPC.
Component and parameter Value
Spray unit
Heater surface area (mm · mm) 10 · 10
Spray height (mm) 8
Wick height (mm) 4
Material Copper
Reservoir
Volume (mm · mm ·mm) 20 · 20 · 20
Wick in spray chamber and reservoir
Wick permeability (m2) 1013
Wick porosity (%) 66
Material SPCwhich is designed by combining the fuzzy and traditional
PID control to realize the thermal control of SCLS-SPC.
2. System description and dynamical modeling of SCLS-SPC
2.1. Description of the SCLS-SPC
A novel SCLS-SPC is proposed as shown in Fig. 1. As we
know, the traditional cooling system includes the three parts
of heat collection, heat transfer and heat dissipation. In this
system, the spray unit is the heat collection part, which in-
cludes a heater surface, SPC wick and spray chamber. The heat
dissipation part consists of a reservoir and a heat sink; the res-
ervoir is ﬁlled with SPC wick and the heat sink is tightly at-
tached to the outer surface of the reservoir to realize heat
dissipation by forced convection cooling. The heat transfer
part is composed of a liquid line, a vapor line, a total liquid
line, a valve and a pump; the liquid line is ﬁlled with SPC wick.
The detailed geometric and material characteristics of SCLS-
SPC are provided in Table 1.
The complete cycle of the system is described as follows.
Firstly, a high pressure liquid pressurized by the pump is
forced through a 2 · 2 nozzle array in the spray chamber
and atomized into a dispersion of ﬁne droplets, and then it im-
pact the SPC wick surface which captures all droplets by the
act of capillarity. Meanwhile, some of the droplets spread on
the SPC wick surface and evaporate by absorbing the exhaust
heat from the heater surface, the rest diffuses to the inner side
of the SPC wick forming a special liquid channel. Then, the
generated vapor in the spray chamber and the excess liquid
in the SPC wick travel along the vapor line and liquid line
respectively to the reservoir dissipating heat as heat is rejected
to the outer environment by the heat sink. The cooled ﬂuid en-Component and parameter Value
Vapor line (liquid line)
Outer/inner diameter (mm) 4/2 (2/1)
Length (mm) 50 (50)
Total liquid line
Outer/inner diameter (mm) 4/2
Length (mm) 300
Wick in liquid line
Wick permeability (m2) 1011
Wick porosity (%) 70
Material SPC
Fig. 2 Construction of a dynamic model.
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ber again to ﬁnish the loop circulation. Three rows of muilt-
hole lines are inserted in the reservoir which are applied to
pump ﬂuid from the reservoir to the total liquid line. The pur-
pose of ﬁlling SPC wick in the liquid line and reservoir is to
achieve the transport and collection of liquid in the loop
process.
2.2. Dynamic heat transfer and temperature model
SCLS-SPC is a very complex heat transfer system. In order to
simplify the mathematical modeling process, some assump-
tions are adopted as follows:
(1) The ﬂow ﬁeld is steady state, one-dimensional and
laminar.
(2) The thermal resistance in the spray unit and reservoir is
neglected.
(3) The whole system is adiabatic without heat leak except
the outer surface of the reservoir which is attached to
the heat sink.
(4) The friction of the ﬂuid ﬂow in line and pump does not
generate temperature rise.
(5) The vapor, liquid from the spray unit and the liquid
from the reservoir are saturated.
Fig. 2 shows a 4-node thermal network representation29–33
for predicting the dynamics of SCLS-SPC. This network mod-
els the heater surface, spray unit, reservoir and heat sink as
four lumped thermal capacitances (Cob, Csp, Cre and Chs) at
nodel temperatures Tob, Tsp, Tre, and Ths, respectively. Qi is
the heat load from the heater surface, while Qo is the heat dis-
sipated to the outer environment. In the ﬁgure, Ros is the ther-
mal resistance between the heater surface and SPC wick in the
spray unit, Rrh is the thermal resistance between the reservoir
and the heat sink.
According to the energy conservation equation, the dy-
namic model of the heater surface temperature can be calcu-
lated by
Cob _Tob ¼ Qi  ðTob  TspÞ=Ros ð1Þ
The differential form energy conservation equation of the
spray unit is:
Csp _Tsp ¼ ðTob  TspÞ=Ros mvhv mlhl þmh0l ð2Þ
where mv, ml and m are the mass ﬂow rates of the working ﬂu-
ids through the vapor line, the liquid line and the total liquidline respectively; hv and hl are the enthalpy values of vapor
and liquid in the spray unit; h0l is the enthalpy value of liquid
in the reservoir.
The temperature variation of the reservoir can be expressed
by
Cre _Tre ¼ mvhv þmlhl mh0l  ðTre  ThsÞ=Rrh ð3Þ
The heat sink temperature is governed by the conservation
energy in
Chs _Ths ¼ ðTre  ThsÞ=Rrh Qo ð4Þ
The heat dissipation to the outer environment can be calcu-
lated by
Qo ¼ kAhsðThs  TenÞ ð5Þ
where Ahs is the area of heat sink base attached to the reser-
voir, Ten the temperature of the outer environment, k the heat
transfer coefﬁcient of the heat sink.
The enthalpy values of the vapor and liquid are provided by
Eqs. (6)–(8), respectively,
hv ¼ cp;lTsp þ hfg ð6Þ
hl ¼ cp;lTsp ð7Þ
h0l ¼ cp;lTre ð8Þ
where cp,l is the speciﬁc heat capacity of the liquid.
The relationships of mv, ml, and m play an important role in
the solution of equations from Eqs. (1)–(4). According to the
spray cooling heat transfer principle in the spray chamber,
numerous micron droplets atomized by a nozzle impinge on
the heater surface. By complex synthetic boiling, evaporating
and convective heat transfer mechanisms, parts of the droplet
evaporate and the rest is heated to saturation. Thus, the heat
dissipation by spray cooling can be computed by
Qsp ¼ aAq ¼ mvhv þmlhl mh0l ð9Þ
where A is the area of SPC surface in the spray unit, q is spray
cooling heat transfer correlation in the plate surface, a is the
correction factor of spray cooling heat transfer due to porous
wick surface, which is determined by experiment. We design
the initial value of a at 1.3 according to Ref.11
Because spray cooling is such a complex heat transfer pro-
cess, there is not an accurate correlation to calculate the value
of heat transfer. We adopt the correlation which is established
by Ref.13 through deriving a curve-ﬁt polynomial with experi-
mental data. The correlation is expressed as follows:
qd32
llhfg
¼ 4:79 103 ql
qv
 2:5
 qlV
2d32
r
 0:35
 cp;lðTsp  TreÞ
hfg
 5:75
ð10Þ
where ql, lf, and r are the density, viscosity and surface tension
of the liquid respectively, qv and hfg are the density and latent
heat of the vapor, d32 is the Sauter diameter of the spray drop-
let, which is expressed in Eq. (11), V is the average volumetric
ﬂux, which can be computed by relationship Eq. (12).
d32
d0
¼ 3:07 q
0:5
v Dpd
1:5
0
r0:5ll
 0:259
ð11Þ
where d0 is the inlet diameter of the spray, Dp is the pressure
difference between spray nozzle inlet and spray chamber:
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Asp
ð12Þ
where Asp is the spray coverage area in SPC surface.
So the mass ﬂowrate of the vapor can be calculated from
Eqs. (9)–(12) respectively.
mv ¼
Qsp mhl
hfg
ð13Þ
According to the formulation of the hydraulic model, the
total mass ﬂowrate of SCLS-SPC m through the pump can
be calculated by
m ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ps=Zs
p
ð14Þ
where Zs is the pressure resistance through the total liquid line.
The output pressure Ps of the pump is always adjusted by a
motor-pump load model. Eq. (15) is adopted to express the
relationship of pump pressure Ps and motor voltage u, which
is established through deriving a curve-ﬁt polynomial with
experimental data in Ref.34
Ps ¼ aþ bMuþ cMu2 ð15Þ
where M is the driving voltage amplitude under pulse width
modulation (PWM), a, b and c are the ﬁtting coefﬁcients from
experimental data, their values being 0.72, 14.725 and 1.694
respectively.
Therefore, the mechanical pump voltage can be applied as a
controlling variable to realize the continuous adjustment of
spray pressure drop and mass ﬂowrate.
3. Intelligent combination control strategies
The purpose of thermal control is to maintain the working
temperature of electronics in a safe range. In the SCLS-SPC
system, the heater surface is adopted as the controlled object,
while the pump is applied as the controlling variables to con-
trol the temperature of the heater surface. Focusing on the
adjustable controlling variables of the pump, we choose the
control strategy which combines the fuzzy control and tradi-Fig. 3 Fuzzy-PID control stional PID control to realize the temperature control of
SCLS-SPC. Fig. 3 shows the Fuzzy-PID control system struc-
ture diagram which can realize parallel fuzzy and traditional
PID control. In the ﬁgure, Tref is the reference setting value
of heater surface temperature, ek and Dek are the error and er-
ror change rate of heater surface temperature with the refer-
ence value, uk1 and uk2 are the output of the PID controller
and fuzzy controller respectively, E, EC and U are the fuzzy
sets reﬂecting the linguistic values of ek, Dek and uk2
respectively.
3.1. PID controller
The control law for the traditional discrete PID controller is
shown in:
uk1 ¼ Kp ek þ Ts
Ti
Xk
j¼0
ej þ Td
Ts
ðek  ek1Þ
" #
ð16Þ
where Kp, Ti and Td are respectively the proportional gain and
the integral and differential constants of the PID controller,
and Ts is the sampling period, the subscripts ‘‘k’’ and
‘‘k  1’’ represent values at the current and previous sampling
instants, respectively. The values of Kp, Ti and Td are acquired
by Ziegler–Nichols tuning method. They are 6.7, 0.005 and
0.00043 respectively.
3.2. Fuzzy decision unit
The fuzzy decision unit control system comprises a fuzziﬁer
transforming ek and Dek into fuzzy values Ei and ECj, a fuzzy
inference engine upon linguistic rules in a database to acquire
the fuzzy control value Uj(i), and a defuzzifer that transforms
Uj(i) into a real output number uk2. The linguistic rule in the
rule datebase takes the general form:
If ek is Ei and Dek is ECj, then uk2 is Uj(i). where Ei, ECj and
Uj(i) are the fuzzy sets reﬂecting the linguistic values of ek, Dek
and uk2 respectively; the subscript variables i, j(i) denote theystem structure diagram.
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ble 2. Dek is the difference between ek and ek1.
In the designed fuzzy controller, the inputs and outputs are
the error ek, error change rate Dek of heater surface tempera-
ture with the reference value and the motor voltage uk2 of
the pump respectively. Their fuzzy unit and domain are so de-
ﬁned that the fuzzy unit of ek, Dek and uk2 are the same which
are {NB, NM, NS, O, PS, PM, PB} and {6,6} respectively.
Gaussian membership functions are used to deﬁne the linguis-
tic values in the fuzziﬁer; the membership functions of ek, Dek
and uk2 are shown in Fig. 4. Mamdani-type fuzzy inference
algorithm is applied to acquire the output fuzzy unit by fuzzy
aggregating of the fuzzy unit of each rule and result rule. The
linguistic rules are shown in Table 3, which is based on design
experience. The centroid method, which overlaps with each
other to provide a smooth output between regions, can realize
the defuzziﬁcation in the defuzziﬁer. The real value of the fuzzy
controller output is determined by:
uk2 ¼
Pi¼7
i¼1
Pi¼7
i¼1Ur;jðiÞljðiÞPi¼7
i¼1
Pi¼7
i¼1ljðiÞ
ð17Þ
where Ur,j(i) is the output value in the fuzzy domain, lj(i) the
membership degree of the output fuzzy unit Uj(i).Table 2 Fuzzy sets and their linguistic values.
Fuzzy set Rank Linguistic value
NB 6 Negative big
NM 4 Negative middle
NS 2 Negative small
ZO 0 Zero
PB 6 Positive big
PM 4 Positive middle
PS 2 Positive small
Fig. 4 The membership function of fuzzy set.
Table 3 Fuzzy linguistic rules.
Ei, ECj NB NM NS ZO PS PM PB
NB PB PB PB PB PM ZO ZO
NM PB PB PB PB PM ZO ZO
NS PM PM PM PM ZO NS NS
ZO PM PM PS ZO NS NM NM
PS PS PS ZO NM NM NM NM
PM ZO ZO NM NB NB NB NB
PB ZO ZO NM NB NB NB NB3.3. Fuzzy-PID switch
The ﬁnal output uk of the Fuzzy-PID controller is acquired by
comparing ek with controller switch value e0, expressed as:
jekj > e0; uk ¼ uk2
jekj  e0; uk ¼ uk1

ð18Þ
where e0 is the setting switch value, which is 1.5 in this system.
4. Numerical simulation and discussion
To evaluate the intelligent combination control action, three dif-
ferent control schemes are numerically considered, which are no
control, PID control, and Fuzzy-PID control respectively. The
initial operating parameters of SCLS-SPC are listed in Table 4.
The system dynamics and control effects are simulated under
two disturbance cases, which can be seen in Fig. 5 and Table 5.
Case I The heat load Qi is given a 10% step disturbance.
Case II The heat load Qi is given a +20% periodical step
disturbance.4.1. Heat load 10% step disturbance
Firstly, comparing the temperature responses of Tob, Ths, Tsp
and Tre under no control, we can acquire the transient dynamicFig. 5 Two disturbances of heat load Qi.
Table 4 Parameters and their values for the simulation of
SCLS-SPC.
Parameter Symbol Value
Design working parameter
Heat load (W) Qi 400
Heater surface temperature (K) Tob 426.6
Spray unit temperature (K) Tsp 386.58
Reservoir temperature (K) Tre 327.25
Heat sink temperature (K) Ths 293.5
System characteristic parameter
Thermal capacity of heater surface (J/K) Cob 7.13
Thermal capacity of spray unit (J/K) Csp 15.52
Thermal capacity of reservior (J/K) Cre 31.05
Thermal capacity of heat sink (J/K) Chs 98.05
Thermal resistance between the heater
surface and SPC wick in spray unit (K/W)
Ros 0.1
Thermal resistance between reservoir and
heat sink (K/W)
Rrh 0.12
Table 5 Settling times, overshoot and steady state values of PID and Fuzzy-PID.
Parameter No control PID Fuzzy-PID
s* r* e* s/s* r/r* e/e* s/s* r/r* e/e*
Motor voltage 0 2 2 0.675 0.55 0.431 0.355
Vapor mass ﬂowrate 1230 1.41 1.41 0.721 0.642 0.536 0.572 0.426 0.355
Heater surface temperature 1520 6.7 6.7 0.571 0.313 0 0.449 0.146 0
Spray unit temperature 1543 4.7 4.7 0.527 0.536 0.430 0.406 0.270 0.263
Reservoir temperature 1783 4.2 4.2 0.574 0.964 0.583 0.481 0.435 0.320
Heat sink temperature 1852 2.2 2.2 0.622 0.909 0.350 0.532 0.409 0.170
Note: (1) error band of s* is 0.05 K for temperatures and 2% ﬁnal value for others; (2) the units for overshoot value r* and steady state value e*
are ‘‘K’’ for temperatures respectively, s* is ‘‘s’’ for steady state time, %’’ for others.
1178 J. Wang et al.performance of the system. From Fig. 6 we can see that both
Tob and Ths decrease directly to their new steady states when
the heat load takes a 10% step disturbance. However, TobFig. 6 Transient responses of temperature asettles in 1520 s with a ﬁnial change of 6.7 K while the set-
tling time and ﬁnial change of Ths is 1852 s and 2.2 K, which
is longer and smaller than Tob. These suggest that Tob is morend mass ﬂowrate under step disturbance.
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response of spray unit Tsp and reservoir Tre have the same
trends as heat surface Tob and heat sink Ths, whereas the
causes are different. Spray unit temperature Tsp drops directly
with the decrease of Tob. Tre decreases simultaneously since
less water is vaporized and ﬂows into the reservoir. Tsp is ob-
served to settle down at 1543 s later with a ﬁnial drop of
4.7 K. The settling time and ﬁnial change of Tre is 1783 s
and 4.2 K, which is longer and smaller than Tob. The vapor
mass ﬂowrate decreases directly with a settling time of 1230 s
and a ﬁnial change of 1.41 · 105 kg/s because spray unit
Tsp decreases when the heat load takes a step reduction.
Secondly, when the thermal control strategy of PID and
Fuzzy-PID are adopted in the SCLS-SPC to realize tempera-
ture control, the controlled heater surface temperature Tob un-
der PID and Fuzzy-PID controller achieves the thermal
control as expected with zero error, while the settling timeFig. 7 Transient responses of temperature andand overshoot of PID is 57.1% and 31.3% as compared with
the open loop response, which is smaller and quicker than the
case with a PID controller. Spray unit temperature Tsp in PID
and Fuzzy-PID all increases to new steady states, yet the over-
shoot and settling time of Fuzzy-PID controller are smaller,
which are 27% and 40.6% of the base reference open loop
response. The temperature responses of the reservoir and heat
sink Tre and Ths are the same under PID and Fuzzy-PID con-
troller, which all drop to new steady state values. The smaller
ﬁnal change of Tre in Fuzzy-PID controller is 32% below the
base reference open loop response, and the overshoot and set-
tling time are also smaller compared with the values in PID
and Fuzzy-PID controller, which are 96.4%, 57.4%, 43.5%,
and 48.1% respectively. Similar change is found in heat sink
temperature Ths.
Finally, from Fig. 6, it can also be concluded that the tem-
perature responses of Tob, Ths, Tsp and Tre under Fuzzy-PIDmass ﬂowrate under periodical disturbance.
1180 J. Wang et al.are different. The transient response of spray unit temperature
Tsp under Fuzzy-PID control ﬁrst increases and then decreases
to a new steady state which is opposite to the heater surface
temperature Tob. This means that the adjusting of mass ﬂow-
rate and pump pressure in the spray unit is more sensitive than
heat load change is, which leads to a shorter settling time Tsp
than Tob. The temperature responses of Tre and Ths both ﬁrst
temporarily decrease and then gradually increase to their stea-
dy states while the settling time of Tre is shorter than Ths. As
compared with Tob transient, the dynamic process of Tre is a
little slower and less sensitive, which suggests that Tob is more
sensitive than Tre to the Fuzzy-PID control strategy which
chooses the pump as the controlling variable to adjust the mass
ﬂowrate and pressure drop. The response of vapor mass ﬂow-
rate mv relies on spray unit temperature Tsp, which is similar to
the response of Tsp.
4.2. Heat load +20% periodical step disturbance
In actual environments, the applications like hybrid, fuel cell
vehicles and aerospace will confront periodical working condi-
tions. Therefore it is necessary to study the Fuzzy-PID control
effect in SCLS-SPC under periodical disturbance. To examine
the effectiveness of Fuzzy-PID control, we calculated the sys-
tem’s transient responses subject to the disturbance of Qi.
From Fig. 7 we can see that the temperature responses of
Tob, Ths, Tsp and Tre under no control have the same trends
with the periodical heat load disturbance, and Tob is more sen-
sitive to heat load change than other temperature nodes. Spray
unit temperature Tsp changes directly with Tob. Tre changes
simultaneously with the change of vapor ﬂowrate ﬂowing into
the reservoir, which can be seen in Fig. 7(f). With the employ-
ment of PID and Fuzzy-PID, heater surface temperature Tob is
restrained well with zero steady state error, while the other
three temperatures Ths, Tsp and Tre and vapor mass ﬂowrate
mv all quickly reach a steady state with little overshoot thanks
to the quick response of the controlled variable u, which can be
seen in Fig. 7(e). Moreover, comparing the control effects un-
der PID and Fuzzy-PID, it can be seen that Fuzzy-PID can
realize quicker settling time and smaller overshoot than PID;
The temperature responses of Tob, Ths and Tre under Fuzzy-
PID control have the same trends with the periodical heat load
disturbance while Tsp is opposite to them. This implies that the
adjustment of mass ﬂowrate and pump pressure in the spray
unit is more sensitive than heat load changes. Tob, which is di-
rectly impacted by heat loadQi and Tsp, responses subsequently
with the control steady state error zero. The transient perfor-
mance of vapor mass ﬂowrate mv is directly impacted by Tsp.
5. Conclusions
This paper offers a detailed mathematical model and a method
to control the thermal and hydraulic parameters of SCLS-SPC
comprising of a spray cooling loop system with sintered por-
ous copper wick.
(1) A novel spray cooling loop system with integrated sin-
tered porous copper wick is presented in this paper,
and the mathematical model of a 4-node thermal net-
work and pump are established for predicting the
dynamics of SCLS-SPC.(2) Fuzzy-PID control strategy which adopts the pump in
SCLS-SPC as the controlling object is applied to main-
tain the working temperature of applications in a safe
range. Numerical simulations are performed to analyze
the transient characteristics and control effect under
no control, PID and Fuzzy-PID conditions when the
heat loads are subjected to two disturbances: step reduc-
tion and periodical step disturbances.
(3) The simulation results validate that Fuzzy-PID can
achieve faster response and smaller overshoot than
PID which realizes the thermal control of the heater sur-
face as expected compared with the no control condi-
tion; The temperature trends of the spray unit and
reservoir are determined by the heat transfer status
between the heater surface, spray unit, reservoir and
heat sink, as well as the mass ﬂowrate changes of the
working ﬂuid. External heat load disturbance Qi can
only result in the responses of Tob directly. These analy-
ses can prove that it is feasible to apply Fuzzy-PID to
control the voltage of the pump to realize the thermal
control of SCLS-SPC.
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